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Introduction
Degenerative joint disease leading to incapacitating osteoarthritis (OA) is a chronic process that is the endpoint of genetic and environmental conditions 1 , and is a major financial burden of health care 2e4 . Common to many forms of OA is a past history of trauma leading to joint instability that eventually degrades the articular cartilage. Animal models that are based on induced joint instability require a number of weeks to express the degenerative changes, and these changes are often associated with osteophytes, which further alter the function of the joint 5, 6 . While there are numerous studies examining the influence of inflammatory cytokines and metalloproteases on the destruction of articular cartilage, less work has focused on other changes to the joint organ that precede and may predict the progression of articular cartilage damage. Some of the impediments for detecting early changes are inherent to paraffin embedded histology, which requires the use of decalcified tissue 7 and cannot accommodate fluorescent signals.
We have developed several GFP reporters that are expressed in chondrocytes and improve the sensitivity of histological evaluation of articular cartilage and fibrocartilaginous structures. In this study, a double reporter mouse was employed. A type X collagen reporter (ColX-RFPchry) is expressed in cells within the mineralizing regions of articular, fibrocartilage and endochondral cartilage. A type I collagen reporter (Col3.6-CFP) is expressed in fibroblasts, osteoblasts and fibrochondrocytes, but not articular or endochondral chondrocytes. We have also developed a cryohistological approach that maintains GFP signals and enzymatic activity in mineralized tissues. The method is based on cryotape that adheres to the tissue section. Therefore, the coverslip can be easily removed and multiple rounds of staining and imaging can be performed, leading to colocalization of several response measures on a single section. We employ this approach in the current study to investigate the pathogenesis of OA in the knee joint organ 8 , with specific focus on fibrocartilage mineralization during osteophyte formation that is often associated with knee destabilization models 9 .
This study employs a histological strategy for consistently sectioning and comparing normal vs destabilized knees taken from the same GFP reporter mouse. The objectives are to determine the spatiotemporal changes to collagen (Col3.6-CFP and ColX-RFPchry) reporters, mineral apposition, enzymatic indicator of mineralization (alkaline phosphatase, AP), tissue remodeling (tartrate resistance acid phosphatase, TRAP), and cartilage proteoglycan distribution [toluidine blue (TB) staining] during early changes (up to 4 weeks) following joint destabilization in the mouse. We believe understanding the molecular basis for these dramatic changes and how they could directly or indirectly influence the neighboring articular cartilage may contribute to understanding the pathogenesis of OA. Fig. 1 . A,B: Coronal sections of the sham (A) and ACL-transected (B) knees are taken from the same animal at 4 weeks post-injury. Three ROI will be presented in Figs. 2e4: a/b is the femoral enthesis of the MCL with the medial femoral condyle (Fig. 2 ). c/d is the medial tibial condyle located beneath the MCL (Fig. 3 ). e/f is the articular cartilage and overlying meniscus ( Fig. 4 ). C,D: Sagittal sections of the sham (C) and ACL-transected (D) knee from the same animal at 4 weeks post-injury. Two ROI will be presented in Fig 
Methods

Mice used
Two reporters were bred into mice for this study. Col3.6-CFP (Col3.6blue) has been used previously to identify cells within the osteoblast lineage where it generates a very strong signal 10 , but it is also expressed at a lower level (weak Col3.6blue) in chondrocytes of fibrocartilaginous tissues such as the condylar cartilage of the temporomandibular joint (TMJ) 11 and in rapidly growing or injured tendons and ligaments 12 . It is not expressed in growth plate or articular chondrocytes. ColX-RFPchry (ColXred) is primarily found in the hypertrophic chondrocytes of all cartilaginous tissues 13 . The knee joints were destabilized in a total of fourteen female mice (age at surgery e mean ± SD: 9.5 ± 1.5 weeks, range: 8.7e12.9 weeks). One limb was destabilized while the other was used as a contralateral sham or unoperated control. Each animal was then assigned to 2 (n ¼ 6) or 4 (n ¼ 8) weeks post-surgery and sectioned in either coronal or sagittal orientation (Table S1 ).
Surgical model
All procedures conformed to an approved ACC protocol (100547-1015). The surgical manipulations were performed under a dissecting microscope. Under isoflurane anesthesia, a midline vertical incision of the skin, followed by an incision on the medial edge of patellar tendon was made. The patellar tendon/bone was subluxed laterally, exposing the joint capsule and underlying fat pad. Using micro-forceps, an opening was made through these tissues until the ACL was visible. Care was taken to avoid visible blood vessels within the fat pad. The ACL was cut using the tip of 25G needle, and complete transection was confirmed by anterior tibial translation during an anterior drawer test. An intact PCL was assured by visual inspection and continued posterior stabilization of the tibia. After the desired transection was accomplished, the patellar tendon and patella were returned to its original position and the incision was closed with a 6-0 nylon suture. The contralateral knees were used either as intact or sham-operated (same approach but without ACL transection) controls. The mice were The histological changes within the femoral enthesis of the MCL and the medial surface of the femoral condyle that underlies the MCL will be discussed separately. A1eA6 is sham and B1eB6 is transected ACL. Increased appositional mineral formation in the enthesis: Panel A1/B1 shows strong TB stain for proteoglycans in the unmineralized fibrocartilage adjacent to the tidemark. The staining is stronger in the injured side. The thickness of the mineralize fibrocartilage is greater on the injured side as illustrated by the yellow brackets. A2/B2 shows mineral apposition in the enthesis (inset) and subchondral bone via demeclocycline (yellow), calcein (green) and AC (B3) mineralization lines given every 2 weeks. Cells in the unmineralized fibrocartilage adjacent to the tidemark are AP positive (B4) and some of these cells are also punctate TRAP positive (B5, arrow head). Immediately above the enthesis in the sham, the surface shows evidence of a yellow and green mineralization line (A2, #) but not Col3.6blue osteoblasts (A2) indicating earlier appositional bone mineralization but now a quiescent periosteal surface 46 . However, the surface bone of the injured side has developed a region of increased bone formation as seen by the strong Col3.6blue activity, calcein/demeclocycline labeling (B2), AC labeling (B3), strong AP activity (B4) and TRAP positive osteoclasts (B5). Expansion of the surface of the medial femoral condyle: The surface of the medial condyle extending distally from the enthesis and beneath the MCL of the sham animal shows a thin layer of TB positive cells in the unmineralized cartilage and a deeper layer of TB positive cells within mineralized cartilage (A1). Although there are no ColXred positive cells in this rim of tissue (A2/A3), most of the cells in the unmineralized area are AP positive (A4) and a few of these cells express the punctate TRAP signal (A5). In the injured side the unmineralized TB positive layer is significantly increased in depth and cells in this region express Col3.6blue (B2), AP (B4) and ColXred (B2/B3). Appositional mineralization signals are not prominent in this section but the thickness of the unmineralized fibrocartilage is greater on the injured vs sham side (A1 vs B1). A majority of the cells in this region are also punctate TRAP positive (B5). The subchondral bone adjacent to the periarticular surface appears to be quite active with strong mineralization labeling that occurred between week 0 and 2 (yellow-green) and another region that continues to be active (yellow-green-red-Col3.6blue-osteoclasts). The areas of increased activity show colocalization of TRAP and AP staining (A6/B6). Scale bar: 200 mm. administered demeclocycline on the day prior to surgery, calcein at 2 weeks post injury and alizarin complexone (AC) on the day prior to sacrifice (day 28).
Histological analysis
The methods used for positioning the knee prior to tissue fixation, cutting the frozen non-decalcified sections and obtaining multiple fluorescent images from the same tissue section are explained in the supplemental section.
Statistics
Col3.6, ColX, AP, and TRAP area fractions and mineralized cartilage apposition in the MCL and PCL entheses were compared using one-way ANOVA with surgical group as fixed factor (significance level set to P < 0.05) and Tukey's HSD post hoc comparisons.
Results
Controlled sectioning of the normal, sham, and experimental tissues along with the ability to examine the same tissue section under multiple staining and imaging steps allows us to present the histological information in a consistent manner. Full views of the TB stained tissue ( Fig. 1 and Fig. S2 ) show the regions of interest (ROI) that are detailed in Figs. 2e7 (sham is mirrored 180 to be in the same orientation as the experimental). Each figure includes six enlarged views in the order of (1) TB only, (2) Col3.6blue, ColXRed, alizarin complexone (AC, red), calcein (green) and demeclocycline (yellow), (3) ColXRed, AC, DAPI, and TB, (4) ColX, AP (magenta) and TB, (5) TRAP (yellow) and TB, and (6) TRAPþ/APþ colocalized area (see Supplemental Methods) and TB. Animals that were terminated 4 weeks after injury were injected with demeclocycline 1 day prior to surgery, calcein 2 weeks post surgery and AC 1 day before sacrifice. Tissues that exhibit continuing appositional mineralization incorporate adjacent yellow, green and red mineralization lines [quantified in Fig. 8(A,C) ]. The reader is encouraged to download the primary images from the publisher's weblink for greater resolution and appreciation of the described findings, or via our web site (http://ucsci.uchc.edu/yupaper/) for the primary stacked layers from which the various merged images were derived. This study focused on the MCL femoral enthesis, femoral and tibial medial condyles, and the PCL entheses. The sham procedure showed no significant changes to these specific structures compared to an unoperated knee (Figs. S3e6) at the 2 and 4 week time points.
Coronal section of the knee
Alignment of the femur and tibia at 90 flexion and the placement of a fiduciary suture parallel to the MCL enabled cutting a section that includes the load bearing surfaces of the articular cartilage as well as the MCL, its femoral insertion site (medial Fig. 8(B) ], there was a greater number of AP positive cells on the injured side [ Fig. 2 (A4 vs B4), Fig. 8(B) ]. Most surprisingly, some of the cells within the AP positive region were also TRAP positive [arrowhead; Fig. 2 (A5 vs B5), Fig. 8(B) ]. These TRAP positive cells were not osteoclasts because the stain has a punctate intracellular distribution within a cell with chondrocytic morphology in contrast to the homogeneous distribution of TRAP within multinucleated osteoclastic cells (to appreciate, please observe in downloaded full scale images). The net effect of the increase in mineralized matrix apposition was a thickening of the mineralized cartilage which can be appreciated by the TB stain (bracket in a1 and b1) that extends throughout the mineralized region of the fibrocartilage.
Activation of the medial condylar surfaces
Just proximal to the enthesis is a region of intense osteogenic activity based on the focal accumulation of strong Col3.6blue and AC mineral accumulation Fig. 2(A1) ]. On the injured side, the fibrocartilaginous surface expands in size [ Fig. 2(B1) ], expresses Col3.6blue [ Fig. 2(b) ] and ColXred cells [ Fig. 2(c) ] in the region that precedes the mineralized cartilage and shows remnants of the three mineralization labels [ Fig. 2(B2) ]. These cells are strongly AP positive [ Fig. 2(B4) ] and show many cells that are punctate TRAP positive [ Fig. 2(B5) ]. In fact, colocalization of AP and TRAP depicts the increased activity of this region [ Fig. 2 
The corresponding region of the tibia (medial edge of the tibial plateau, see Fig. 1 , ROI C and D) that lies beneath the MCL manifests the most dramatic surface alterations. The surface cells of the sham side show dark blue TB staining and strong Col3.6blue signal [ Fig. 3(A1,A2, arrowheads) ]. However following destabilization, the TB stain illustrates a large increase in mineralized fibrocartilage that has developed by 4 weeks after injury [ Fig. 3(A1 vs B1) ]. The unmineralized surface chondrocytes contain weakly expressing Col3.6blue cells but no evidence of mineral formation. The most remarkable feature is a disorganized confluence of strong Col3.6blue [ Fig. 3(B2) ] and ColXred [ Fig. 3(B3) ] cells that are strongly AP positive [ Fig. 3(B4) ]. There is intense osteoclastic staining that is distinctly different from TRAP positive chondrocytes A1eA6 is sham and B1eB6 is transected ACL. Panels A1/B1. TB staining shows the proteoglycan within the soft cartilage tissue and outlines an intact articular surface in both samples. A2/B2 shows the demeclocycline, calcein, AC, Col3.6blue and ColXred reporter. These signals indicate strong osteogenic activity in the subchondral bone but no appositional mineralizing activity is seen in the articular cartilage tidemark (arrowheads). A3/B3 includes the ColXred reporter that overlays the DAPI and TB stains and show no difference its number or distribution with the articular cartilage. A4/B4 has the AP stain added to the ColX reporter. The activity appears to be similar in both tissues. Strong AP activity is present in the underlying subcortical bone. No punctate TRAP activity is found in the articular cartilage in A5/B5. In contrast, the solid TRAP activity within osteoclasts is evident in the subchondral bone. A6/B6 illustrates the minimal activity in the articular cartilage, compared to fibrocartilages in the joint, due to a lack of TRAP/AP colocalization. Scale bar: 200 mm. seen in Fig. 2 . This central region represents the start of an osteophyte that likely developed from a fibrocartilaginous origin. This osteophyte response was seen in 100% of animals in the destabilized group, compared to zero in the sham and intact groups.
Minimal changes in the articular cartilage
Despite the dramatic expansion and remodeling activities of the enthesis and surrounding periarticular surfaces, the articular cartilage of the femur and tibia of the sham and injured knee ( Fig. 4) show minimal changes. The articular surfaces of both the sham and destabilized animals are intact [ Fig. 4(A1 vs B1) ]. A faint demeclocycline mineralization line of the tidemark is detected in both [arrowheads; Fig. 4(A2 vs B2) ]. ColXred expression is present in unmineralized cartilage adjacent to the tidemark and throughout the mineralized cartilage [ Fig. 4(A3 vs B3) ], and these cells are AP positive [ Fig. 4(A4 vs B4) ]. The subchondral bone does not show evidence of increased osteoclastic activity or altered activity of mineralizing bone surfaces [ Fig. 4 (A2, A4, A5 vs B2, B4, B5)].
Sagittal section of the knee
The angular and rotational conformity imposed on the knee structure prior to embedding allows a consistent sagittal sectioning plane that includes the patellar tendon and PCL when the mid portion of the knee is encountered (see Fig. 1 for the ROI of the femoral (g/h) and tibial (i/j) attachment sites that are discussed in Fig. 5 ). The sections were obtained from an animal that received a calcein injection 2 weeks post-surgery and AC 1 day prior to sacrifice. Fig. 5(A6 vs B6) ]. The TRAP and AP activity also corresponds with an increased mineral apposition rate [P < 0.05, Fig. 8(c) ].
Histology of knee 2 weeks after injury
Based on the analysis of the 4 week post injury histology, the changes surrounding the MCL and PCL appear to be the most advanced and thus could be the most sensitive tissue for detecting early changes in the knee in our ACL transection model. We examined that possibility 2 weeks after injury in coronal and sagittal sections [ Fig. S2(a vs b) ]. In the coronal view [ Fig. S2 (ROI a/ b)] there was accelerated appositional mineralization in the enthesis [ Fig. 8(a) ] with strong calcein labeling and Col3.6blue expression [ Fig. 6 (A2/A2 0 )] and an early fibrocartilage expansion on the medial condyle distal to the MCL enthesis [ Fig. 6(A2eA4) ] compared to sham and normal samples (Fig. S3 ). Panel set B in Fig. 6 shows a very well developed expansion of the fibrocartilaginous zone of the medial tibial plateau beneath the over-riding MCL [ Fig. 6(B1eB6) ]. The expression of Col3.6 in the MCL is strong at this time point and evidence for osteophyte formation within the fibrocartilage is not present at this time [ Fig. 6(B2 0 ) ]. The sagittal view present in Fig. 7 was derived from the ROI of Fig. S2(B) . Both insertions sites demonstrate increased mineralizing activity [ Fig. 7(a2 and b2) ], increased ColXred numbers [ Fig. 7(A3 and B3) ], increased APþ cell number [ Fig. 7(A4 and B4) ], and appearance of punctate TRAP positive chondrocytes [ Fig. 7A5 and B5) ].
Discussion
Increasingly, the entire knee joint is thought to act as an integrated organ, such that the pathogenesis of OA involves multiple tissues within the joint 8, 9, 14, 15 . The evidence provided here shows that the ligaments, their insertion sites, and the periarticular surfaces respond to a destabilizing injury well before there is objective visual evidence of articular cartilage damage, suggesting that trauma-induced OA pathogenesis involves more tissues than just articular cartilage. This study provides a cellular interpretation to this concept and the role that the fibrocartilaginous structures play in the initial pathogenesis of the degenerative process. We believe that the use of the GFP reporter mice and the cryohistological features of mineralizing fibrocartilage can contribute toward an improved molecular and cellular understanding of the sequence of events that precede articular cartilage destruction. In the model presented here, the changes can be detected as early as 2 weeks after injury and can lead to early osteophyte formation by 4 weeks well before articular cartilage changes, which usually are not evident until 8e12 weeks post injury 16e18 .
To be useful as a cross-laboratory translational model of degenerative OA, there are experimental conditions that have to be well defined and followed 6 . The nature of the destabilization injury is crucial to the tissue response. Rapid loading protocols designed to rupture a ligament can either tear one or more ligaments or avulse the enthesis and underlying bone 17, 18 . Direct impact of the articular cartilage is also likely to stress the supporting ligaments and cause bone bruising 5,7,19e21 . When examining the histological consequences of the destabilization model 7 , there needs to be consistency in the positioning of the knee prior to sectioning the injured and control tissues. Because the ligament transection results in translation of the tibia relative to the femur, it is necessary to return these bones to the normal position so that they can be compared to the control tissue in the same plane of section (see Fig. 6 . MCL femoral enthesis and medial condyle (A1e6) and the medial tibial plateau (B1e6) at 2 weeks post-injury (sham not illustrated). The mice received demeclocycline the day before surgery and calcein the day prior to sacrifice. See Fig. S2 for selected ROI from the full view image. All of the features that were described in Figs. 2 and 3 have initiated in the 2 week histology. The midsubstance of the MCL is hypercellular and disorganized (A1) with elevated Col3.6blue expression (A2). Increased mineralized cartilage apposition has initiated at the tidemark with strong calcein labeling surrounding ColXred cells (A2, A2 0 , A3) that are APþ (A4) and TRAPþ (A5) in some cases. The osteophyte that is on the medial tibial plateau (B1) has also initiated at 2 weeks with Col3.6blue cells within the fibrocartilage (B2, B2 0 ). Some of these cells are also APþ (B4) and TRAPþ (B5) as they prepare to mineralize. A2 0 /B2 0 are insets from A2/B2 without the ColXred channel. Scale bar: 200 mm. Fig. S1 ). Placing external fiduciary markers either within the tissues or utilizing internal structures that assist in obtaining similar orientation of the tissue block to the cutting blade is an additional step for consistent sectioning. By comparing sections taken at corresponding positions from the same animal, differences in histological features between injured and sham joint structures can be appreciated with greater confidence.
The enthesis plays a central role in modulating the transition of forces from the tensile ligament to the rigid bone 15 . The collagen fibers of the ligament insertion extend through the mineralized fibrocartilage, which clearly separates the ligament from the underlying bone (Fig. S7) . The unmineralized fibrocartilage zone of the enthesis appears to be the cellular component that responds to joint destabilization. In the intact enthesis, there are minimal numbers of Col3.6blue and ColXred cells in the unmineralized fibrocartilage. However there are ColXred cells at the tidemark and in the mineralized fibrocartilage. Following destabilization, the cells that are located in the unmineralized fibrocartilage zone adjacent to the tidemark activate the Col3.6blue reporter, increase their production of proteoglycans and increase expression of the ColXred reporter. AP positive cells within this region also become prominent. These cellular activities are strongly associated with new appositional mineral formation of the cartilage matrix as indicated by the mineralization labels given prior to the injury and a day prior to sacrifice [see insets in Fig. 2 (B2) and 6(A2)]. Thus the functional response of the enthesis may be to embed more of the collagen fibers of the ligament into mineralized fibrocartilage presumably to strengthen its attachment to bone 14, 22 .
The unexpected observation in the enthesis is TRAP activity in cells within unmineralized fibrocartilage adjacent to the tidemark. Similar TRAP activity can also be observed in the prehypertrophic and early hypertrophic cells of the growth plate (Fig. S8) . These uninucleated chondrocytic cells should not be confused with chondroclasts or osteoclasts 23, 24 because the punctate cytoplasmic staining pattern is distinct from the homogeneous cytoplasmic distribution within the multinucleated osteoclast. These histological features have been observed previously in chromogenic histology of cartilage and in macrophages 25, 26 . The localization of the activity was confirmed in TRAP-Cre driver mice that mapped a LacZ reporter to macrophages and growth plate chondrocytes 27 . A murine germline TRAP gene (Acp5) knockout resulted in a mild form of osteopetrosis, but also caused immune deficiency and chondrodystrophy 28e30 . Similarly, the autosomal recessive human disease due to an inactivating mutation of the Acp5 gene (http:// omim.org/entry/271550) presents as a spondyloenchondrodysplasia that includes combined immunodeficiency with autoimmunity 19e21 . Because the immune deficiency appears to be secondary to impaired lysosomal degradation of bacteria, it is assumed that TRAP plays a role in lysosomal physiology, which would also explain its punctate cytoplasmic distribution. However its role in forming or remodeling the cartilage matrix prior to mineralization has not been investigated.
Another unexpected observation was the expansion of the thin layer of periosteum or fibrocartilage that eventually forms osteophytes over the medial pericondylar surface between the enthesis and articular cartilage that lies directly beneath the MCL. The expanded tissue has features of the condylar fibrocartilage of the TMJ with a thickened fibrocartilaginous zone containing cells that express the Col3.6blue reporter and ColXred cells in the deeper regions near the site of cartilage mineralization 11 . The condylar cartilage of the TMJ originates from periosteal cells 31 and is particularly responsive to shearing forces 32 and thus observing a similar response in other periosteal structures might be anticipated. The expansion was exceptionally prominent on the medial condyle of the tibia in which the central region was transitioning to an osteophyte as evidenced by the accumulation of strong Col3.6blue osteoblasts, osteoclasts and bone marrow. There is potential that the osteophyte is periosteal derived, especially since periosteal cells have the potential for fibrocartilaginous fracture callus formation and endochondral ossification 33, 34 . If this is the case, then the formation of the osteophyte should be conceptualized as an internal process within the enlarged fibrocartilaginous tissue rather than an external process initiated within the marrow space. How these changes in the tissues adjacent to the articular cartilage relate to subsequent joint damage is not completely understood. The structures of the joint composed of fibrocartilage were far more responsive to joint instability and could serve as an indicator of pending articular cartilage degeneration. The changes in the fibrocartilaginous structures that were evident by 2 weeks in our model were observed as early as 7 days in a collagenaseinduced destabilization model 35 . Sensitive MRI modalities appear to be capable of detecting the changing mineralization pattern in the enthesis or medial condylar surfaces thus providing a clinical assessment of early disease and progression 9, 36 .
If the expanding mineralizing fibrocartilage tissue is a predictor of the degenerative process that will ultimately involve articular cartilage, therapies designed to retard the progression might have clinical benefit. From a mechanical perspective, weight loss and strengthening the surrounding musculature may help to reduce stresses on the ligaments and may slow OA progression 37 . However once the mineralization initiates, blocking the expansion or mineralizing process would be necessary. The observation that genetic inactivation of the Indian hedgehog (IHH) pathway conveys resistance to degenerative arthritis might be explained by a reduction in the mineral apposition rate of fibrocartilage and articular cartilage 38, 39 or a suppression of the development of osteophytes 40 within the expanded regions of fibrocartilage. That IHH is required for normal formation and maintenance of the chondral fibrocartilage of the TMJ 41,42 supports this concept. In fact, IHH may be upstream of subsequent cartilage degradation as IHH's regulation of RUNX2 can lead to increased expression of ADAMTS5, a major protease found in OA cartilage 39 . Similarly, the osteoarthritic-sparing effect of genetic inactivation of certain metalloproteinases may be attributed to its role in IHH responsive cells in unmineralized cartilage that is preparing to mineralize 43, 44 . In contrast, blocking the TGFb pathway promotes hypertrophic chondrocyte differentiation and the onset of OA 45 . Another point of therapeutic attack might be endochondral bone formation that develops in the expanding fibrocartilaginous surface. Agents that inhibit the BMP2 pathway 46 or block osteoclastic activity 43 might be effective in retarding this damaging development. The majority of drug/genetic intervention studies have focused on treatment after the onset of articular cartilage damage while their impact Fig. 8 . Mineralized cartilage apposition and area fraction measurements for the femoral MCL and PCL entheses. A,C: Total mineralized cartilage apposition was quantified in the femoral MCL (A) and PCL (C) entheses by measuring the distance between the mineralization labels given the day before surgery, 2 weeks post-surgery, and 4 weeks post-surgery. Both entheses displayed increased mineral apposition in the ACLT transected (ACLT) knees compared to the intact or sham groups. B,D: Area fraction measurements for Col3.6, ColX, AP, and TRAP were also measured in the femoral MCL and PCL entheses within ROIs defined in the supplemental methods. The area fraction of Col3.6þ and ColXþ did not show significant changes amongst the groups. However, AP and TRAP activity showed significant increases in the ACLT knees at both time points compared to the intact and sham groups. * indicates significant difference from intact/sham (P < 0.05).^indicates significant difference from ACLT (2 week) group (P < 0.05). P-values are listed in the table below the bar plots. Error bars indicate 95% confidence interval. might be more profound if initiated at the onset of fibrocartilage changes. Perhaps examination of these latter structures would be more informative for identifying tissue responses that impact the later onset of degenerative articular cartilage.
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